Abstract: A completely recyclable concrete (CRC) is designed to have a chemical composition equivalent to the one of general raw materials for cement production. By doing so, this CRC can be used at the end of its service life in the cement clinkering process without need for ingredient adjustments, and with improvement of the resource efficiency of cement and concrete production. Copper slag is interesting as an iron source for the production of such a CRC and can be added to concrete, either as alternative binder or as aggregate. By isothermal calorimetry and compressive strength tests it was found that the addition of copper slag as cement replacement is of minor interest. But a study toward the compressive strength and durability of concrete with copper slag as aggregate replacement had promising results. The performance of these concretes was comparable with or even better than the reference concrete, regarding strength and most durability aspects such as porosity and permeability, and resistance against carbonation and chloride ingress. Only the resistance to freezethaw attack with deicing agents was inferior.
Introduction
In today's society, concrete is a popular building material: it is strong, gives flexibility in design, and comes with a relatively low cost. However, like all materials, it also comes with an environmental cost. About 42% (Kogel et al. 2006 ) of the 15 billion tons (Langer et al. 2004 ) of aggregates produced each year are used in concrete, of which only 8% are recycled aggregates (Arab 2006) . This use of enormous amounts of natural raw materials is the first environmental problem of the concrete industry. Indeed, at the end of a concrete's life cycle, there is the waste production: 12-21% of the total waste generated in the European Union is concrete demolition waste (De Belie and Robeyst 2007; C. Fischer and M. Werge, "EU as a recycling society," ETC/SCP working paper 2/2009). These numbers are the motivation for many researchers to work toward a more sustainable construction by resource efficiency and recycling.
To optimize product-recycling opportunities, the Cradle-toCradle (C2C) concept was developed (McDonough and Braungart 2002) . In C2C production, all material inputs and outputs are either seen as biological nutrients or as technical resources. Biological nutrients can be composted or consumed whereas technical resources can be recycled or reused without loss of quality.
Applying this idea to the production of concrete, a completely recyclable concrete (CRC) was designed (De Schepper et al. 2013; Tamura et al. 2004) . In order to make CRC a valuable technical resource for cement production, without need for ingredient adjustments, the concrete mixture should be chemically equivalent to a traditional cement raw meal. The primary ingredient for CRC is limestone aggregate as a source for CaO, the main ingredient for Portland cement production. Besides natural raw materials, such as porphyry aggregate (SiO 2 and Al 2 O 3 source), industrial byproducts like fly ash (SiO 2 and Al 2 O 3 source), and copper slag (Fe 2 O 3 source) are preferably used for CRC production. The hydration of CRC cement was found comparable with the one of Ordinary Portland Cement (De Schepper et al. 2014) .
Copper slag is a by-product obtained during matte smelting and refining of copper. Today, common management options are recycling, recovering of metal and production of value-added products (e.g., abrasive tools, roofing granules, cutting tools, tiles, glass, road-base construction, rail-road ballast, and asphalt pavements; Shi et al. 2008) . Still, huge amounts are disposed in dumps or stockpiles. One of the greatest potential applications is in cement and concrete (Shi et al. 2008) . In cement production, it can be used as an iron adjusting material or as partial cement replacement (Al-Jabri et al. 2006; Goñi et al. 1994; Gorai et al. 2003; Najimi et al. 2011; Shi et al. 2008; Taha et al. 2004 Taha et al. , 2007 Tixier et al. 1997; Zain et al. 2004) . Regarding the latter, a major concern is the leaching of heavy metals; however, studies have shown that this is within regulatory limits. Copper slags can also be used as fine and coarse aggregates in concrete production (Al-Jabri et al. 2009a , b, 2011 Gorai et al. 2003; Khanzadi and Behnood 2009; Shi et al. 2008; Thomas et al. 2012; Wu et al. 2010a, b) . The density of this copper slag is higher compared with natural aggregates and varies with the Fe 2 O 3 content between 3.16 and 3.87 g=cm soundness, good abrasion resistance, and good stability (Shi et al. 2008) .
This paper focuses on the use of copper slag in CRC production. Because of its lower melting point compared to iron ore, a lower calcination temperature within the cement manufacturing process should be feasible (Shi et al. 2008 ). This creates additional benefits for the environment: a lower energy consumption and reduced CO 2 emissions, which makes this waste product even more interesting to be used in CRC. The question remains to how this copper slag is preferably used in CRC. The effect of partial cement replacement by copper slag was studied on cement pastes and mortars. The influence of replacing aggregates by copper slag was studied for mortars and concrete.
Experimental Procedure

Materials
The copper slag used in this research is a secondary slag from a Belgian copper, lead, tin, and nickel producer who uses waste products (e.g., old copper wires, dust from the tin production, old televisions and computers, and radiators from cars) as raw materials. On the one hand, a quickly cooled granulated copper slag (QCS) was used for the replacement of the fine aggregates (= sand) in concrete and as a material for cement replacement. A slowly cooled broken copper slag (SCS) was utilized to replace the coarse aggregates. Before using the copper slag as a substitution for cement, QCS was milled 3 times during 4 min at 300 rpm in a planetary ball mill (mQCS). As a cementitious binder, a CEM I 52.5 N was used throughout all experiments. An overview of the chemical and mineralogical composition of the cement and copper slag is given in Tables 1 and 2. In Table 2 and Fig. 1 , it is seen that, as expected, the quickly cooled granulated copper slag QCS has a higher other amorphous fraction in comparison with the slowly cooled broken copper slag SCS.
The effect of using copper slag as cement replacement was tested on cement pastes (isothermal calorimetry) and mortars (compressive strength). Cement pastes were produced with an increasing copper slag content from 0 to 60 wt% in steps of 10 wt%. For each paste 10 g of powder (n g mQCS with (10-n) g CEM I 52.5 N) was mixed with 4 g of water. The reference composition of the mortars was a standard mortar 6∶2∶1 (sand:cement:water), for which the copper slag content replacing the cement was increasing in steps of 20 wt% from 0 to 60 wt%. A CEN sand in accordance with NBN EN 196-1 (NBN 2005) was used to produce these mortars.
For evaluation of the aggregate replacement by copper slag, mortars (for compressive strength tests) and concrete (for compressive strength and durability evaluation) were made. Because of the higher density of copper slag compared with the one of natural aggregates, the replacement levels are volume-based, and the density of the concrete will increase. The copper slag used in this study had a density of 2.99 g=cm 3 . Standard mortars were produced, and the sand was replaced by QCS from 0 to 100 vol% in steps of 20 vol%. Based on these results, the replacement levels for the concrete were fixed, namely 20 and 40 vol% of the total aggregates volume. On the one hand, the fine aggregates were replaced by QCS . On the other hand, the coarse aggregates were substituted by SCS . An overview of the concrete mixtures is given in Table 3 . The particle size distribution of most raw materials is given in Fig. 2 . All mortar and concrete specimens were stored in a climate chamber at 20 AE 2°C and RH > 95% for 28 days before testing, unless specified otherwise. 
Methods
Isothermal Calorimetry of Cement Pastes
The tested powder (cement and copper slag) was mounted in a glass vial. After the addition of water, the cement pastes were mixed manually for 20 s in the glass vial. Subsequently, it was immediately placed in an isothermal calorimeter (TAM AIR) at 20°C to measure the hydration heat during the first 7 days of hydration. The measurement started within 30 s after addition of water. Because mixing occurred outside the calorimeter, the first hydration peak could not be registered entirely. Because this peak only amounts to a few percent of the total heat liberated (De Schutter 1999), it will not be considered in further analysis. To avoid significant differences between the paste and the isothermal environment, the components were kept at a temperature close to the measurement temperature before mixing.
Compressive Strength of Mortars and Concrete
Compressive strength tests on mortar specimens (160 × 40× 40 mm 3 ) were performed according to NBN EN 196-1 (NBN 2005) at the age of 7 and 28 days. The concrete cubes (150 × 150× 150 mm 3 ) were tested for their compressive strength at the age of 2, 7, 28, and 84 days according to NBN EN 12390-1 (NBN 2001a) .
Durability of Concrete
Open Porosity. The open porosity of the concrete specimens (drilled cores d ¼ 100 mm h ¼ 50 mm) was determined using the vacuum absorption test described in NBN B 05-201 (NBN 1976) . After drying and weighing the samples (w d -kg), they were put under vacuum (2.7 Pa) for 3 h. Subsequently, the tank was filled with water, and the samples were stored under water for 24 h.
Finally the mass of the specimens was determined in air (w a − kg) and water (w w -kg). The porosity (φ − vol%) of the sample could then be determined by calculating the volume of the pores filled with water
The samples were dried at 40 and 105°C to estimate the capillary porosity and the total (capillary and gel) porosity respectively.
Gas Permeability. A gas permeability test was conducted on concrete cores (d ¼ 150 mm, h ¼ 50 mm) according to the recommendation RILEM TC 116-PCD (1999) using a CEMBUREAU permeameter. After being saturated in water, the concrete specimens were dried at 40°C until a constant weight was obtained (mass change < 0.05 wt% over 24 h). Hereby the tested test specimens had a saturation degree of 42.0 AE 0.69 wt%. During the measurement, the concrete specimens were placed in the permeameter cells as such as the oxygen gas was prevented from leaking. The first gas pressure was set at 2 bar, and the flow rate was measured using the soap bubble flow meter when a steady-state regime was established (after about 30 min). Subsequently, the measurement was repeated for gas pressures of 3 and 4 bar. The measurements were then redone for all concrete specimens after drying at 105°C (saturation degree is nihil). The gas permeability coefficient
2 ) is calculated according to the following formula:
with P a (101,300 N=m 2 ) the atmospheric pressure, Q (m 3 =s) the measured flow rate, h (0.05 m) the specimen height, A (π · ð0.075 mÞ 2 ) the cross-sectional area, η (2.02 · 10 −5 N · s=m 2 ) the dynamic viscosity of oxygen gas, and P (N=m 2 ) the applied pressure.
Carbonation. For an accelerated carbonation test, concrete cubes (100 × 100 × 100 mm 3 ) were placed in a climate chamber (20 AE 2°C, RH60 AE 5%, 10% CO 2 ) after 26 days of curing. Five surfaces of each concrete cube were coated to ensure a unidirectional CO 2 ingress. The carbonation ingress was measured with phenolphthalein after every 28 days exposure to the high CO 2 concentration.
Chloride Ingress. The resistance against the ingress of chlorides was evaluated by a CTH test, described in NT Build 492 
with UðVÞ the absolute value of the applied voltage, T (°C) the average value of the initial and final temperatures in the anolyte solution, L (mm) the thickness of the specimen, and t (h) the test duration.
Freeze-Thaw Attack with Deicing Agents. The resistance against freeze-thaw attack with deicing agents was tested according to appendix D of NBN EN 1339 (NBN 2003 . A concrete test specimen (drilled core d ¼ 100 mm h ¼ 50 mm) with a salt solution (NaCl, 3%) on top was subjected to 28 freeze-thaw cycles. After every 7 cycles, the scaled material was collected, dried for at least 24 h at 105 AE 5°C, and weighed.
Statistical Analysis
The software package SPSS Statistics was used for statistical analysis of the results. Analysis of variance (ANOVA) was used for comparison of the different mixtures. The Tukey and Dunnett method were applied for post hoc testing when equal variances are respectively assumed or not assumed. A significance level of 0.05 was used for all tests.
Results
Copper Slag as Cement Replacement
Isothermal Calorimetry of Cement Pastes In Fig. 3 , the heat production rate and cumulative heat production per gram of powder of cement pastes with varying mQCS content are presented. It is seen that both the maximum of the heat production rate and the cumulative heat production decrease with increasing mQCS content. It can also be observed that the maximum of the heat production rate moves further in time when more CEM I 52.5 N is replaced by mQCS. To estimate the possible contribution of the mQCS to the heat production, the heat production rate and cumulative heat production per gram of CEM I 52.5 N are presented in Fig. 4 . It is seen that the maximum values of the heat production rate are similar for all mixes, but the maximum moves further in time with increasing mQCS content. It is also observed that the cumulative hydration heat of the cement pastes with mQCS increase more compared with the reference mixture without mQCS.
Compressive Strength of Mortars
The compressive strength of mortars with increasing mQCS content to replace CEM I 52.5 N are presented in Table 4 . Although the compressive strength test after 7 days indicated that the addition of 20 wt% mQCS seems beneficial and results in a higher strength resistance compared with the reference, the reference mortar is the strongest after a curing period of 28 days. Except for the good result after 7 days for 20 wt% mQCS addition, it can be observed that the compressive strength decreases with increasing mQCS content, for both curing times of 7 and 28 days.
Copper Slag as Aggregate Replacement
Compressive Strength of Mortars Mortars with increasing QCS content in replacement of standard sand were tested for their compressive strength, and the results are presented in Table 4 . For all mortar samples with QCS, the compressive strength after 7 days of curing is comparable for the different amounts of copper slag, although some results have significant differences between the mean values (Table 4) . Compared with the reference mortar, all results for the copper slag mixtures are significantly higher. For the tests after a curing period of 28 days, the compressive strength results are similar for the reference mortar and the mortars with QCS, but again results might differ significantly. The mortars with 40 and 60 vol% QCS give the best results after 28 days, whereas the mortar with 100 vol% QCS has the lowest strength, although not significantly different from the reference mortar.
Compressive Strength of Concrete
The results of the compressive strength tests on concrete with varying copper slag contents are presented in Table 5 . For the mixtures with 20 vol% copper slag , the results are comparable for all curing ages (no significant differences). For the mixtures with 40 vol% copper slag (QCS-40 and SCS-40), Fig. 3 . Heat production rate (a); cumulative heat production (b) per gram of powder (both CEM I 52.5 N and mQCS) with varying mQCS contents the results are only comparable after 28 and 84 days of curing, and the compressive strength of SCS-40 is significantly higher after 2 and 7 days of curing. Compared with the reference mixture, the results for concrete with 20 vol% and 40 vol% copper slag are respectively similar or higher (not in the case of QCS-40 after 2 and 7 days curing). Thus, from the compressive strength tests on concrete it can be concluded that the use of copper slag as aggregate results in comparable or even better results.
Durability of Concrete
The durability of concrete with copper slag as aggregate replacement was studied by testing several parameters, of which the results are presented in Table 5 . Regarding durability the ingress of aggressive substances is an important issue. Important concrete characteristics regarding the ability of these substances to penetrate into concrete are its porosity and gas permeability. Looking at the results of the open porosity, the effect caused by the copper slag seems to be acceptable. The capillary porosity of QCS-20 and SCS-40 is comparable with the reference mixture, whereas the capillary porosity of SCS-20 and QCS-40 is respectively significantly higher or lower. For the total porosity, there is no significant difference for QCS-20 and QCS-40, which is also true for QCS-40, SCS-40, and the reference mixture. Again the total porosity of SCS-20 is significantly the highest. Nonetheless, the differences with the reference mixture seem minimal for all mixtures. The gas permeability is for all mixtures with copper slag lower compared with the reference, and this for all pressures and both drying temperatures. This improvement is, however, only significant for mixtures SCS-20 and SCS-40 after being dried at 105°C. After drying at 40°C, the reduction is significant for SCS-20 and SCS-40 for an applied pressure of 3 bar, for SCS-40 also at 4 bar.
Both the reference concrete and the mixtures with copper slag were subjected to a high CO 2 concentration (10%). All mixtures showed negligible carbonation up to 84 days. For the reference concrete and SCS-40, the first limited carbonation was observed after 84 days of exposure. For the other mixtures with copper slag, limited carbonation was measured after the first 28 days of carbonation. The ingress occurred locally, explaining the high variability. For example, where carbonation was measured after 28 and 56 days for QCS-20, no carbonation was measured after 84 days for the same mixture on different samples.
The migration of chlorides into concrete was tested by a CTH test. The chloride migration coefficient was for all mixtures with copper slag lower compared with the reference mixture. Except for QCS-20, this improvement was also significant. Different surfaces (casted, sawn, and troweled) of most mixtures were tested for the resistance against freeze-thaw attack with deicing agents. The results of SCS-20 are not available as the test specimens were destroyed because of a technical defect, and the same concrete batch could not be tested again. The technical defect also made it impossible to have the results after 28 cycles for SCS-40. The results presented in Table 5 clearly show that the resistance against freeze-thaw attack with deicing agents is worse for concrete with copper slag aggregates compared with the reference concrete. Although the effect of testing different surfaces is rather limited for the reference mixture, there is a higher variability for the mixtures with copper slag. However, there is no surface type showing consequently a better or worse performance for the different amounts and types of copper slag addition.
Discussion
Copper Slag as Cement Replacement
From the results obtained within this study, it can be concluded that the contribution of ground copper slag to the hydration degree of a cement paste is negligible. The hydration heat reduces with increasing mQCS content when plotted per gram of powder because of a decreasing cement content. The increase of the hydration heat when presented per gram of CEM I 52.5 N is probably caused by the increase of the water to cement ratio, as cement is replaced by an almost inert powder. The higher the water to cement ratio, the more water will be available for hydration, resulting in a higher ultimate hydration degree α u , which can be calculated according to the following formula (Mills 1966 ) cited in Baert (2009) :
For all mixtures, the ultimate hydration degrees were calculated using their water to cement ratio and the above mentioned formula. For comparison, the hydration degree after 7 days was calculated as the ratio of the total measured heat to the potential heat of the cement. The latter was calculated using the mineralogical composition of the cement (Table 2 ) and the potential heat release of the different clinker minerals: 500, 260, 1,673, and 42 J=g for alite, belite, aluminate, and ferrite respectively. It was found that the calculated hydration degrees after 7 days of hydration are comparable with the calculated ultimate hydration degrees (Fig. 5) . Comparable hydration degrees after 7 days were obtained in Baert (2009) , when the effect of the water to cement ratio on the heat release of ordinary Portland cement pastes was studied. This confirms the presumption that the measured increase of the hydration heat per gram of cement can be attributed to the variation in water to cement ratio, and the effect of the copper slag is nihil. The delay of the main hydration peak can be explained by the set-inhibiting properties of heavy metals in copper slag (Zain et al. 2004 ), see Table 1 . The reduction in compressive strength with increasing copper slag content is explained by the lower cement content of the mixtures.
Looking into the literature, it is seen that most researchers use much lower replacement levels of up to 15 wt% (Al-Jabri et al. 2006; Shi et al. 2008; Taha et al. 2004; Tixier et al. 1997; Zain et al. 2004 ). Their conclusion is that the effect of using copper slag on compressive strength is limited, and only in some cases small improvements were noticed. Some researchers used activators such as cement by-pass dust and/or lime, which had no effect (Al-Jabri et al. 2006) or only a limited effect (Taha et al. 2004 ). In Tixier et al. (1997) , a positive effect on the compressive strength from adding copper slag was noticed. This copper slag was well crystallized, and the fineness of the copper slag was comparable with the one of cement, which is not the case for the copper slag mQCS used in this study (Fig. 2) . In further research, it might thus be interesting to start from the SCS instead of QCS, and higher finenesses should be aimed for. Finally, it is worth mentioning that the replacement of cement by copper slag results in a better resistance regarding sulphate attack (Najimi et al. 2011 ). The replacement with copper slag up to 15% led to more than 50% decrease in sulphate expansion, accompanied with less strength degradation. Microstructure studies showed that ettringite, present in the control samples, was absent in the samples with copper slag. The results were explained as follows (Najimi et al. 2011 ): a reduced C 3 A content because of the replacement with copper slag, a reduction of soluble calcium hydroxide (if copper slag would show a mediocre pozzolanic reactivity), or a less permeable microstructure from the copper slag addition.
Copper Slag as Aggregate Replacement
From the compressive strength test results, it was concluded that the replacement of sand by copper slag had no significant effect on the strength performance of the mortars. As the compressive strength of mortars with 40 vol%, QCS was the highest, and literature suggests replacement levels of about 40-50% (Al-Jabri et al. 2011 , 2009a Shi et al. 2008) ; the replacement levels for concrete were chosen to be 20 and 40 vol%, for both the fine fraction (with QCS) and the coarse fraction (with SCS). Regarding the compressive strength of this concrete compared with the reference, it was concluded that the results were similar or even better. Similar or slightly improved compressive strengths were expected from literature (Al-Jabri et al. 2011; Shi et al. 2008; Wu et al. 2010a, b) and are related to the physical properties of the copper slag. Copper slag has a better compressibility than natural aggregates, partially relieving the stress concentration, if natural sand is still the dominant fine aggregate holding the concrete matrix together. Also the angular sharp edges of the copper slag can improve the cohesion of the concrete matrix, although the glassy surface of the copper slag can have a negative effect on the cohesion. Furthermore copper slag as aggregate replacement can have a negative effect on the compressive strength because of their low water absorption, leaving excess water as discussed later in this paper.
The performance of the concrete with copper slag was compared with the reference concrete by means of durability indices (DI; Kaid et al. 2009 ). These indices are formulated as such that values higher than 1 indicate the copper slag concrete performs better than the reference concrete. The results are presented in Fig. 6 . It was found that the effect of aggregate replacement levels of 20 and 40 vol% was limited regarding the open porosity and gas permeability. For SCS-20 and SCS-40, the gas permeability was even reduced compared with the reference. Regarding carbonation and chloride migration, the performance of the concrete with copper slag is comparable with the one of the reference concrete. However, in the test for freeze-thaw attack with deicing agents, the concretes with copper slag performed worse compared with the reference, and the surface scaling after 28 standardized freeze-thaw cycles increased significantly. Depending on the surface and the mixture the surface scaling increased by 57 to 252% because of the addition of copper slag. As required by NBN EN 1339 (NBN 2003 , the amount of scaled material should not exceed the limit of 1 kg=m 2 . In Table 5 it is seen that even the reference mixture is slightly exceeding the limit. The performance regarding freeze-thaw attack with deicing agents is strongly related to the air content of fresh concrete. As can be seen in Table 5 , the air contents are rather low for both the reference and copper slag con- An effect on strength and durability from the addition of copper slag was expected, as the low water absorption and glass-like smooth surface create a water excess and thus a risk for bleeding (Al-Jabri et al. 2009b; Shi et al. 2008; Wu et al. 2010a ) since the water to cement ratio is kept constant. This excess water is water that is not absorbed by the aggregates and becomes available in the cement matrix that results in a higher content of voids, micro cracks, and capillary channels, especially when the substitution rate exceeds 20% (Wu et al. 2010a ). This has of course its consequences for the performance of the concrete. From the results reported in this paper, it was concluded that mainly the performance regarding freeze-thaw attack with deicing agents of the copper slag concrete was reduced compared with the reference concrete. In case of the copper slag concrete, it might thus not be only the air content of the fresh concrete that resulted in the inferior performance, but also the quality of the concrete surfaces is expected to be reduced because of an excess of water and thus a risk for bleeding and segregation (Shi et al. 2008) . In order to compensate for this excess in water, less water could be added. Al-Jabri et al. (2009b) replaced sand by copper slag keeping the workability constant and adapting the water to cement ratio. They concluded that a 100% replacement of the sand by copper slag results in a water reduction of 22%. In this study both the water to cement ratio (0.45) and amount of superplasticizer (2 ml=kg binder) of the copper slag concrete were kept constant. As observed in Table 5 , the slump of the copper slag mixtures is rather low, although the risk for bleeding was observed. A detailed study on the water demand of the mixtures is required. The optimum should allow a sufficient slump of the concrete, without the risk for bleeding. 
